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SKAdaddleAccurate chromosome segregation during cell division requires that
kinetochores couple microtubule dynamics to chromosome movement. New
research reveals that the kinetochore-associated Ska1 complex hangs on
to depolymerizing microtubules and brings some important friends along for
the ride.Anna A. Ye1,2
and Thomas J. Maresca1,2,*
The kinetochore is a structure
composed of hundreds of proteins that
assembles on the centromeres of each
sister chromatid during cell division. A
primary function of the kinetochore is
to attach chromosomes to spindle
microtubules in a manner that allows
force produced by microtubule
dynamics to be harnessed in order
to move the chromosomes. At no
time during cell division is this more
evident than during anaphase
when kinetochores remain
associated with depolymerizing
kinetochore-microtubules (kt-MT).
There has been an ongoing search,
especially outside of yeast, for
kinetochore components that are
capable of coupling microtubule
dynamics to chromosome movement.
A recent study by Schmidt et al. [1]
demonstrates that the Ska1
complex utilizes a conserved
microtubule-binding domain (MTBD) to
track depolymerizing microtubule ends
and confers this activity to a core kt-MT
attachment factor called the Ndc80
complex.
In yeast, the Dam1 (also known as
DASH or DDD) complex is required
for stable kt-MT attachments. The
ten-protein Dam1 complex can
associate with microtubules either as
a ring around themicrotubule [2,3] or as
non-ring oligomers [4]. Dam1 complextracks depolymerizing microtubules
in vivo and in vitro [5,6]. Additionally,
the Dam1 complex is capable of
imparting tracking activity to the Ndc80
complex [7,8]. While the Ndc80
complex is highly conserved, definitive
Dam1 complex homologues have
never been found beyond fungal
species. Consequently, there has been
amystery surrounding themechanisms
by which metazoan kinetochores
efficiently couple the force generated
by microtubule dynamics into
chromosome movement.
The Ndc80 complex itself has been
a leading candidate for the coupling
factor. It has been difficult to directly
assess the coupling activity of Ndc80 in
cells because kt-MT attachments
cannot form in its absence. In vitro
reconstitution experiments have been
more informative as Ndc80 complexes
bound to beads were found to track
depolymerizing microtubule ends
[9,10]. Coupler found and case closed?
Not quite. The fact that bead-bound
Ndc80 complex only acquired tracking
activity when oligomeric assemblies
formed on the beads [9] raised the
possibility that other coupling
molecules existed in cells.
A new candidate began to emerge
when Hanisch et al. [11] discovered
that two novel proteins called Ska1
(spindle and kinetochore associated 1)
and Ska2 were required for timely
anaphase progression. A third member
of the complex named Ska3, formerlyknown as C13orf3 and RAMA1
[12–15], was later discovered. In
some respects, the three protein
Ska1 complex behaves differently
than Ndc80 as its localization to
kinetochores is microtubule and
Ndc80-dependent. Yet like the Ndc80
complex, the Ska1 complex is required
for kt-MT attachment stability and it
binds directly to microtubules in vitro
where it can also couple bead
movement to depolymerizing
microtubules [16]. However, the
molecular basis of these activities was
uncertain because, while the carboxyl
termini of Ska1 and Ska3 were found to
be necessary for the complex to bind
microtubules [17], the actual MTBD of
the Ska1 complex had not yet been
defined.
Schmidt et al. [1] set out to determine
how the Ska1 complex interacts with
microtubules. Through homology
searches, the authors found the first
non-vertebrate homologue of Ska1 in
Caenorhabditis elegans (CeSka1),
which exhibited the highest homology
to human Ska1 (hSka1) in its carboxyl
terminus. Like its human counterpart,
the CeSka1 complex bound directly
to microtubules and the conserved
carboxyl terminus was necessary and
sufficient for Ska1 to associate with
microtubules in vitro and in cells. While
depletion of the Ska1 complex caused
severe chromosome congression
defects, cells expressing Ska1
complex lacking the MTBD (DMTBD)
were able to achieve metaphase
alignment, although kt-MTattachments
were not as stable. These findings
indicate that the Ska1 complex
contributes to chromosome alignment
independent of its microtubule-binding
activity. Interestingly, congressed
chromosomes in Ska1 DMTBD
expressing cells did not exhibit normal
chromosome oscillations, suggesting
that the complex is required for
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Figure 1. The Ska1 complex tracks depolymerizing ends and confers tracking activity to the
Ndc80 complex.
(A) The Ndc80/Nuf2 complex binds preferentially to straight microtubules and is incapable
of tracking depolymerizing microtubules in vitro. (B) The hSka1 complex binds equally to
straight and curved microtubule protofilaments and tracks depolymerizing microtubule ends.
(C) Ndc80/Nuf2 and Ska1 complexes interact on microtubules and track depolymerizing
microtubules together.
Dispatch
R123coupling microtubule dynamics
to oscillatory movements of
chromosomes in metaphase.
The Ska1 complex has been
reported to associate with other
microtubule-attachment
factors — including Ndc80 [18]. These
interactions are most likely promoted
by microtubule association as Schmidt
et al. [1] found that the Ndc80 and
Ska1 complexes bound microtubules
synergistically — significantly
increasing each other’s
microtubule-binding affinities
in a dose-dependent manner.
Protofilaments at the plus-ends of
kinetochore microtubules are largely
curved [10,19], yet the Ndc80 complex
preferentially binds straight
protofilaments [20]. Not only did the
hSka1 complex bind equally well to
straight and curved microtubule
structures but it stimulated the
formation of and stabilized curled
protofilaments in vitro.
The failure of the Ska1 DMTBD
complex to mediate chromosome
oscillations together with the finding
that the Ska1 complex associated with
curved protofilaments bolstered the
earlier observation that the complex
coupled movement of beads to
depolymerizing microtubules in vitro
[16]. To further probe the tracking
ability of the Ska1 complex, Schmidt
and coworkers [1] employed total
internal fluorescence (TIRF)
microscopy to visualize the behavior
of GFP–hSka1 complex on
microtubules and found that it
tracked depolymerizing microtubules
(Figure 1). This activity is specific to the
hSka1 complex as the hNdc80 complex
failed to track depolymerizing ends.
Strikingly, however, the hNdc80
complex acquired the ability to track
depolymerizing microtubules in the
presence of hSka1.
Schmidt and colleagues [1] also
determined the structure of the MTBD
of CeSka1 using nuclear magnetic
resonance (NMR) and found it to be
a winged-helix domain. Conserved
arginine residues form a basic patch on
the surface of the MTBD that mediated
microtubulebindingbyhSka1complex,
most likely through interaction with
the acidic carboxy-terminal tails of
a and b tubulin. Ska1 localization to
kinetochores is negatively regulated by
Aurora B kinase, which was proposed
to disrupt the interaction between
the Ska1 complex and the kt-MT
attachment network containing Ndc80viaphosphorylationof fourS/T residues
in the carboxyl terminus of Ska1 [18].
Intriguingly, the Aurora B
phosphorylation sites reside in the
MTBD. Schmidt et al. found that
phosphomimetic mutants of two of the
residues significantly reduced the
binding affinity of the Ska1 complex for
microtubules in vitro and caused
a mitotic delay due to defects in kt-MT
attachments when expressed in cells.
The Ska1 complex may not be a true
homologue of the Dam1 complex but
the behavior of the two is beginning to
look all too similar. Both bind directly to
microtubules by interacting with the
acidic carboxy-terminal tails of tubulin
but require spindle microtubules and
Ndc80 for kinetochore localization in
cells. The association between each
complex and the Ndc80 complex is
promoted by their association with
microtubules. Furthermore, the affinity
of both the Ska1 and Dam1 complexes
for microtubules is lowered by
Aurora-dependent phosphorylation.
Finally, both complexes track
depolymerizing microtubules and,
importantly, confer tracking activity
to the Ndc80 complex. Thus, the
Ska1 complex has emerged as
the frontrunner for the elusivekinetochore-microtubule coupling
factor. But it is important to point out
that the new findings do not preclude
the Ndc80 complex as a potential
coupling component. Oligomeric
assemblies of Ndc80 on beads are
capable of forming load-bearing
attachments that track the ends of
dynamic microtubules in vitro [9]. While
the exact arrangement of Ndc80
complexes at the kinetochore is
unknown, the number of Ndc80
molecules per kt-MT is most likely
high enough to support formation of
assemblies that could track
microtubule ends in vivo. Ultimately,
kinetochores and chromosomes need
to skedaddle. It’s simply a question of
which components are hitching a ride
and which are driving.
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